Ground-based microwave radiometer (MWR) has been used for high-frequency retrievals of thermodynamic environments. However, raindrops on the radome of MWR and in the air cause errors in retrievals during precipitation events. Although a recent study has noted that off-zenith observations with neural networks (NN) reduce the retrieval errors, the effect of off-zenith observations with one-dimensional variational (1DVAR) technique, which is known to be more accurate than other methods, has not been studied. We developed a new 1DVAR technique that considers the effect of cloud liquid water. We statistically investigated the accuracy of vertical profiles of atmospheric temperature and water vapor retrieved by NN and 1DVAR techniques by using zenith and off-zenith observation at 15° elevation angle under no-rain and rainy conditions and compared them with results of radiosonde observations. The results showed that the 1DVAR technique outperforms NN and numerical model simulation in the estimation of thermodynamic profiles under no-rain conditions. The results also indicated that the error in retrieved profiles in the low-level troposphere can be reduced by the 1DVAR technique by using off-zenith observations even under rainy conditions with rainfall rate less than 1.0 mm h −1 , especially when the environment cannot be accurately reproduced by a numerical model.
Introduction
To understand and predict severe storms such as local heavy rainfall, thunderstorms, heavy snowfall, and tornadoes, temporally and spatially high-resolution measurements of thermodynamic and dynamic environments are required (e.g., Araki et al. 2015; Illingworth et al. 2015; Bodeker et al. 2015) . The observation data by the ground-based microwave radiometer profiler (MWR) has been used to retrieve vertically integrated water vapor (precipitable water vapor: PWV) and liquid water (liquid water path: LWP) (e.g., Hogg et al. 1983a; Wei et al. 1989; Cadeddu et al. 2013) , and vertical profiles of atmospheric temperature, water vapor density, and liquid water content (LWC) at time intervals within a few minutes (e.g., Ware et al. 2003 Ware et al. , 2013 Campos et al. 2014; Serke et al. 2014; Gultepe et al. 2015) . For the retrieval of vertical thermodynamic profiles, various inversion methods have been proposed such as statistical inversion methods, multivariate regressions, neural networks (NN; e.g., Hogg et al. 1983b; Solheim et al 1998; Cadeddu et al. 2009 ), and variational techniques (e.g., Löhnert et al. 2004; Hewison et al. 2007; Cimini et al. 2006 Cimini et al. , 2010 Cimini et al. , 2011 Cimini et al. , 2015 Ishimoto 2015) . The NN technique is a popular method that combines MWR observations with radiosonde climatology. Previous studies using NNs have investigated thermodynamic environments for meteorological phenomena such as bores and cold fronts (Knupp et al. 2009; Spänkuch et al. 2011) , low-level wind shear (Chan and Lee 2011) , thunderstorms (Madhulatha et al. 2013 ), a convective cloud causing a waterspout (Raju et al. 2013) , and various convective storms (e.g., Chan 2009; Chan and Hon 2011) . Some statistical studies on instability indices derived from NNs have shown that MWR-retrieved thermodynamic profiles have advantages in nowcasting severe storms in 0−6 h, as compared with the traditional diagnosing methods based on 12-h radiosonde observations (e.g., Ratnam et al. 2013; Madhulatha et al. 2013; Novakovskaia et al. 2013; Cimini et al. 2015) .
Recently, variational approaches have been shown to outperform other methods in retrieving thermodynamic profiles of atmospheric temperature and water vapor, especially in the lower troposphere (e.g., Cimini et al. 2011) . These approaches are based on data assimilation with a one-dimensional variational (1DVAR) technique, which combines radiometric observations with output from numerical weather prediction models. Araki et al. (2014) applied the 1DVAR technique to a significant tornadic supercell event in Japan on 6 May 2012 and showed that 1DVAR-derived water vapor profiles had less error than NN-derived and numerically simulated profiles which were used for the first guesses in the 1DVAR technique. They also noted that the thermodynamic environment became significantly unstable 1.5 h before the occurrence of the tornado.
However, radiometric observations by MWR in zenith direction are critically affected by raindrops, and the errors in retrieved variables increase during rainfall events. The causes of the errors are classified into two effects: i) absorption/emission and scattering by raindrops and water film on the radome, and ii) absorption/ emission and scattering by large raindrops in the air (e.g., Battaglia et al. 2010) . To reduce the effect of raindrops on the radome, several techniques have been tested such as hydrophobic coatings on the radome and forced airflow over the radome surface from a blower (e.g., Marzano et al. 2005) . In recent years, several studies have reported that off-zenith observations at an elevation angle of 15° successfully reduce the error caused by raindrops on the radome (e.g., Cimini et al. 2011; Ware et al. 2013) . Xu et al. (2014) investigated the error in thermodynamic profiles retrieved by NNs under non-rainy and rainy conditions, and noted that off-zenith observations at an elevation angle of 15° reduced the retrieval error due to raindrops on the radome during rain periods. Chan and Lee (2015) developed a 1DVAR technique considering absorption/emission and scattering by rain water content using S-band radar data and zenith radiometric observation. They noted that the absorption by rain water was important for improving vertical profiles under rainy conditions. Off-zenith 1DVAR, NN, and brightness temperature comparisons with 6-h radiosondes during conditions including rain, sleet, and snow were reported by Cimini et al. (2011) and Ware et al. (2013) . No study, however, has examined the accuracy of thermodynamic profiles retrieved by 1DVAR techniques using off-zenith observations under rainy conditions.
The purpose of the present study was to investigate the effectiveness of a new 1DVAR method using off-zenith observations by MWR under both no-rain and rainy conditions. By using MWR data collected in Tsukuba, Japan, we compared NNand 1DVAR-derived thermodynamic profiles from zenith and off-zenith observations with the results of radiosonde observations (Sonde).
Data and methods
For this study we used a ground-based multi-channel MWR (Radiometrics model MP-3000A) installed at the Meteorological 51 and 59 GHz, the TB sensitivity to atmospheric temperature increases with frequency, and becomes larger when using offzenith observations rather than zenith observations, especially in the low-level troposphere (Figs. 1a, c) . With respect to water vapor, the TBs between 22 and 30 GHz are sensitive at all altitudes, and off-zenith observations increase the sensitivity in comparison with zenith observations (Figs. 1b, d) .
The 1DVAR technique used in this study is based on Ishimoto (2015) . In this method, retrieval variables x are composed of profiles of the atmospheric temperature and water vapor density. The major difference in this method from other 1DVAR techniques is to retrieve profiles of temperature and water vapor, while correcting the cloud liquid water effect on the TBs. The LWP, which is obtained by a statistic inversion method that uses TBs at 23.0 and 30.0 GHz, is used for the calculation of the vertical LWC profile. The LWC profiling method in this study combines LWP statistical inversion retrievals (e.g., Westwater and Guiraud 1980) with a vertical cloud model (e.g., Karstens et al. 1994; Löhnert and Crewell 2003) as LWC = LWC ad [1.239 − 0.145ln(h)], where LWC ad is the adiabatic LWC (Lewis 1951; Mizuno 2000) and h is the height (m) from the cloud base, which is obtained from the infrared TB and temperature profile of the first guess. Another method to obtain the LWC profile, the neural network method, combines liquid profile climatology from historical radiosondes (Decker et al. 1978) with microwave and infrared observations ). The neural network method has demonstrated a LWC profile retrieval accuracy of 50% or better when compared to balloon-borne supercooled liquid sensors (Ware et al. 2003; Serke et al. 2013) and radar (Campos et al. 2014) . Differences between fixed volume radiometric observations and balloon-borne liquid sensor point measurements along an uncontrolled flight path contribute to the uncertainty. Example neural network liquid profile retrievals are provided by Ware et al. 2003 Ware et al. , 2013 Knupp et al. 2009; Madonna et al. 2011; Cimini et al. 2011; Madhulatha et al. 2013; Campos et al. 2014; Serke et al. 2014; and Gultepe et al. 2015 . The other method for the LWP profiling combines microwave radiometer and cloud radar measurements, but this method has 60% or larger liquid profile retrieval uncertainty (Ebell et al. 2010) . Since the LWC profile retrieved by either method has an uncertainty, the simple method of LWP statistical inversion retrievals with a vertical cloud model is used in this study. This LWC profile is used for the calculation of LWP = γ ∑ N i =1 LWC i • Δz i , and correction of the TBs is conducted by searching for the value of γ that minimizes the difference between the forward-modeled and observed TBs with fixed profiles of temperature and water vapor by the leastsquares method. Scattering by raindrops and emission and scattering by snow are not considered in this method. The cost function J and the iterative solution that minimizes J with the classic Gauss-Newton method are given by
, where x i and x b are current and background state vectors, respectively; H i is the Jacobian matrix of the observation vector with respect to the state vector; B and R are the error-covariance matrices of x b and the observation vector y, respectively; and F(x i ) is the forward model operator. The LWP is used for correcting the TBs at each iteration step. Note that the zenith and off-zenith observations are separately used as observation vectors in this study. The numerical model used in this study was the JMA nonhydrostatic model (NHM; Saito et al. 2006) . Numerical experiments with a horizontal grid spacing of 5 km and a domain covering Japan were performed. The 24-h atmospheric conditions were simulated from 24 h before each radiosonde observation. The initial conditions were provided from 3-hourly JMA mesoscale analyses, and the 1-hourly results of the JMA operational global spectrum model were used for the boundary conditions in a way Research Institute (MRI) of the Japan Meteorological Agency (JMA) in Tateno (in Tsukuba), at 36.05°N, 140.13°E. The MWR observes the brightness temperatures (TB) of 21 K-band (22− 30 GHz) and 14 V-band (51−59 GHz) microwave channels with a bandwidth of 300 MHz in the zenith direction and at an elevation angle of 15° in the north and south azimuth directions; the radiation temperature of one zenith-looking infrared (9.6−11.5 μm wavelength) channel; and the in situ surface atmospheric temperature, relative humidity, and pressure. A rain sensor is also attached with the MWR. The liquid nitrogen (LN) calibration were conducted in the same way described in the operator's manual for MP-3000A, and a radome with hydrophobic coating was installed in the MWR before the operation. During the operation, MWR channels were calibrated by using a internal ambient target in each sequence of the observations. The air filter of the MWR has been checked and maintained to be free flowing everyday during the operation, to avoid the air filter clogged by insects or leafs. The MWR observations were successfully conducted from 25 April to 27 June 2012, and the 12-h radiosonde observations at Tateno, one of JMA's aerological stations, during this period were used for verification of the retrieved vertical profiles of temperature and water vapor density.
The NN is trained by using a series of historical radiosonde data at Tateno, including modeled liquid profile (Decker et al. 1978; Ware et al. 2013) . The vertical resolutions of NN-derived profiles are 50 m from the surface to 500 m, 100 m to 2 km, and 250 m to 10 km.
In variational methods, vertical profiles obtained from the output of a numerical model are used as the first guess for the calculation of forward-modeled TBs and their Jacobians with respect to temperature and water vapor. The Jacobians represent weighting functions with different sensitivities to height for each frequency. Figure 1 shows the Jacobians with respect to temperature and the water vapor mixing ratio obtained from radiosonde observations at Tateno and averaged for the analysis period. The forward-modeled TBs are calculated in the zenith (Figs. 1a, b) and off-zenith directions (Figs. 1c, d ) at a 15° elevation angle. At frequencies between similar to that of the JMA operational mesoscale model (Saito et al. 2006) . The time step of the NHM was 20 s, and the results were output at 10-min intervals. Other setups were the same as those used in Saito et al. (2006) . Vertical profiles averaged over 25 × 25 km 2 squares centered at Tateno were interpolated to the MWR observation times and used for the 1DVAR retrievals.
The vertical profiles derived from Sonde, NHM, and 1DVAR were interpolated according to the NN altitude resolution. In this study, NN-, NHM-, and 1DVAR-derived profiles averaged for 30 min before each radiosonde observation at both 00 and 12 UTC were compared with Sonde-derived profiles. To investigate the accuracy of the retrieved profiles under each weather condition, the data were classified into the following three types: No-Rain cases in which a rain sensor did not observe rain 1 h before and after the radiosonde observations (87 samples), Rain_RR<1 cases in which a rain sensor observed rain and a rain gauge at Tateno observed a rainfall rate (RR) averaged for 2 h (1 h before and 1 h after the radiosonde observations) less than 1.0 mm h −1 (24 samples), and Rain_RR>1 cases in which the RR was equal to or larger than 1.0 mm h −1 (10 samples). The NHM-and 1DVAR-derived temperature profiles for NoRain cases showed good agreement: the absolute MD was less than 1 K at all altitudes (Fig. 2a) . The STD and RMS error for 1DVAR-derived temperatures were about 1 K at all altitudes, but those of NHM-derived temperatures reached 1.5 K below 0.5 km. The absolute MD for NN-derived temperatures exceeded 1 K above 3.5 km in NN Z and above 1 km in NN S and NN N . The STD and RMS error for NN-derived temperatures also increased above 1 km. It's well known that temperature inversion layers likely cause the error in NN-derived profiles above the inversion levels (e.g., Ware et al. 2003; Knupp et al. 2009; Ishimoto 2015) . In fact, there were 77 cases with the temperature inversion layer below 3.5 km altitude. On the other hand, cold biases in NN Sand NN N -derived profiles are also likely caused by the inadequate LN calibration. Although these cold biases can be avoided by conducting the LN calibrations indoor or by directing heated air during the calibration, the LN calibration was conducted without these considerations in this study. Therefore, these cold biases in NN S -and NN N -derived profiles between 1 and 3 km altitude may be caused by systematic bias due to the LN calibration. However, these cold biases above 1 km were fortunately eliminated by the 1DVAR retrievals so that they would not be crucial issues.
Results
The absolute MD for NHM-and 1DVAR-derived water vapor densities for No-Rain cases were less than 0.5 g m −3 at all altitudes, and the values of 1DVAR-derived water vapor densities were less than those derived from NHM (Fig. 3a) . The STD and RMS error for 1DVAR-derived vapor density were also less than those derived from NHM at all altitudes; their maximum values for 1DVAR-and NHM-derived vapor densities reached 1.5 and , respectively, at around 1 km. The NN-derived vapor density had a negative bias of 1.5−2 g m −3 at around 0.5 km, and its STD and RMS error were similar to NHM-derived vapor density. These results show that, compared to other methods, the 1DVAR technique significantly improves the atmospheric temperature profile in the low troposphere and the water vapor profile at all altitudes. Cimini et al. (2011) investigated the accuracy of vertical profiles obtained by another 1DVAR technique by using off-zenith observations as observational vectors and 1-hourly analyses provided by the NOAA Local Analysis and Prediction System as the first guess. They showed that their 1DVAR technique outperformed the analyses. Their study used MWR observation data from a winter season when there was less water vapor. On the other hand, our results show that the 1DVAR technique also significantly improves the accuracy of water vapor profiles in comparison with NHM simulation results in a warm season, when water vapor concentrations are much higher than during the winter.
For the cases of Rain_RR<1, NN Z -and 1DVAR Z -derived profiles were affected by rain and the errors in the profiles increased (Figs. 2b and 3b) . The absolute MD, STD, and RMS error for NN S -and NN N -derived temperature and water vapor density were similar to those for the No-Rain case. These results indicate that off-zenith observations reduced the error due to raindrops on the radome in Rain_RR<1 cases. For the NN S -and NN N -derived temperature profiles, absolute MDs were smaller than those in NoRain cases above 1 km altitude. It's suggested that raindrops in the air caused positive biases in NN S -and NN N -derived temperature profiles but the errors were not crucial in Rain_RR<1 cases. The absolute MDs of 1DVAR S -and 1DVAR N -derived temperatures were about 1 K below 1 km and less than 0.5 K above 1.5 km, and the absolute MD of NHM-derived temperatures was 0−0.7 K less than those of 1DVAR S -and 1DVAR N -derived temperatures below 1 km. Their STDs were 0.5−1.3 K above 0.5 km, but the STDs of 1DVAR S -and 1DVAR N -derived temperatures were about 0.5 K smaller than that derived from NHM below 0.5 km. Similar features were found for the RMS errors. These results suggest that mean biases in 1DVAR-derived temperature profiles that use off-zenith observations are slightly larger than those of NHMderived temperature profiles below 1 km under rainy conditions with RR less than 1.0 mm h −1 . However, the 1DVAR technique using off-zenith observations could improve the temperature profiles by NHM simulation when NHM simulations show large errors, especially in the lower troposphere.
The absolute MDs of 1DVAR S -and 1DVAR N -derived vapor densities were less than 0.7 g m −3 for Rain_RR<1, whereas that of NHM-derived vapor density was less than 0.5 g m −3 below 2 km. Below 1 km, the STD and RMS error for 1DVAR S -derived vapor density were less than 1.2 and 1.4 g m −3
, respectively, and were smaller than those of the NHM-derived vapor density. The STD and RMS for 1DVAR S -derived vapor density above 1 km and 1DVAR N -derived vapor density at all altitudes were similar to those of NHM-derived vapor density. Along with the temperature profiles, these results suggest that the error in the retrieved water vapor profiles in the low-level troposphere could be reduced by the 1DVAR technique using off-zenith observations even under conditions of light rain, especially when the environment cannot be accurately reproduced by a numerical model. In addition, the results show that the 1DVAR technique outperforms the NN by using off-zenith observations in estimating the thermodynamic profiles of both temperature and water vapor under conditions of light rain with RR less than 1.0 mm h −1 . For the cases of Rain_RR>1, NN Z -and 1DVAR Z -derived profiles were highly affected by rain (Figs. 2c and 3c) . Although the accuracies of NHM-derived temperature and vapor density were similar to the cases of Rain_RR<1, the absolute MD and RMS errors for 1DVAR S -and 1DVAR N -derived profiles of both temperature and vapor density were larger below 1−2 km. Note that the RMS errors for NN S -and NN N -derived temperature and vapor density were similar to the results of Xu et al. (2014) . Although they did not mention the RR of their rain cases, the rain conditions of Rain_RR>1 in this study might be similar to their conditions. The RMS errors for NN S -and NN N -derived profiles were larger than those of 1DVAR S -and 1DVAR N -derived profiles for temperatures at all altitudes and for vapor density above 0.5 km, respectively. These results indicate that the 1DVAR technique outperforms the NN technique for retrievals of thermodynamic profiles under conditions of heavy rain, whereas the 1DVAR technique does not improve the accuracy of thermodynamic profiles when compared with NHM simulation results.
Conclusion and remarks
A new one-dimensional variational (1DVAR) technique that uses microwave radiometer (MWR) observations was applied for no-rain and rainy conditions and the effect of off-zenith observations on reducing the error during rain periods was statistically investigated. Comparisons with radiosonde observations show that the 1DVAR technique in this study successfully improves the vertical profiles of temperature in the low troposphere and those of water vapor density at all altitudes, as compared to retrievals by neural networks and the results of numerical simulation under no-rain conditions. There is also indication that the error in the retrieved profiles could be reduced by the 1DVAR technique by using off-zenith observations at an elevation angle of 15° even under rainy conditions with a rainfall rate less than 1.0 mm h −1 , especially when the numerical model does not accurately reproduce the thermodynamic environment.
These results suggest that the 1DVAR technique is helpful in nowcasting severe storms, because the thermodynamic environment in convective clouds that causes local heavy rainfalls and tornadoes changes significantly in a short period of time under conditions of no rain or light rain before such occurrences. In addition, it would be beneficial to investigate the impact of MWR data used in a cloud-resolving four-dimensional variational data assimilation system (e.g., Kawabata et al. 2014 ) on the accuracy of severe storm forecasting.
